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Wave dragAbstract Sonic boom reduction will be an issue of utmost importance in future supersonic trans-
port, due to strong regulations on acoustic nuisance. The paper describes a new multi-objective
optimization method for supersonic aircraft design. The method is developed by coupling
Seebass–George–Darden (SGD) inverse design method and multi-objective genetic algorithm.
Based on the method, different codes are developed. Using a computational architecture, a concep-
tual supersonic aircraft design environment (CSADE) is constructed. The architecture of CSADE
includes inner optimization level and out optimization level. The low boom conﬁguration is gener-
ated in inner optimization level by matching the target equivalent area distribution and actual
equivalent area distribution. And low boom/low drag conﬁguration is generated in outer optimiza-
tion level by using NSGA-II multi-objective genetic algorithm to optimize the control parameters of
SGD method and aircraft shape. Two objective functions, low sonic boom and low wave drag, are
considered in CSADE. Physically reasonable Pareto solutions are obtained from the present
optimization. Some supersonic aircraft conﬁgurations are selected from Pareto front and the
optimization results indicate that the swept forward wing conﬁguration has beneﬁts in both sonic
boom reduction and wave drag reduction. The results are validated by using computational ﬂuid
dynamics (CFD) analysis.
ª 2014 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.1. Introduction
Over the past several years, there has been a renewed interest
in supersonic aircraft for civil applications. This resurgencehas been partly motivated by signiﬁcant developments in mod-
eling and simulation, including improved shape optimization
capability, novel concepts for supersonic drag reduction;
shape-based boom tailoring techniques, and their validation
using a ﬂight demonstrator. Low boom supersonic aircraft
design remains one of the most challenging aircraft design
problems, which is a truly multidisciplinary design problem
that frustrates many talented aircraft designers. A number of
scientists believe that a key requirement for the economic via-
bility of the supersonic transport is its ability to operate at
supersonic speeds without restriction over land.1
Choi et al. researched the multi-ﬁdelity design optimization
of low boom supersonic jets based on response surface
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mization frame for supersonic jets design.3 Laban and
Herrmann constructed a frame for multidisciplinary analysis
and optimization of supersonic aircraft, and optimized the
aerodynamic and structure.4 Takeshi and Yoshikazu opti-
mized the supersonic aircraft for low boom and low drag in
traditional method.5 Wu et al. researched the mixed ﬁdelity
approach for design of low boom supersonic aircraft by using
computational ﬂuids dynamics (CFD) and Seebass–George–
Darden (SGD) inverse design method.6 Chung and Alonso
researched the multi-objective optimization using approxima-
tion model-based genetic algorithms.7 Sasaki and Obayashi
researched the low boom optimization method based on
CFD and genetic algorithms.8 Tejtel et al. constructed a
conceptual aircraft design environment.9 Haas and Kroo
developed a multi-shock inverse design method for low boom
supersonic aircraft.10 Kusunose et al. used a new biplane
concept to reduce the sonic boom.11 Wintzer et al. developed
a new multi-shock inverse design method for low boom super-
sonic aircraft design and the optimization is based on response
surface model.12
Traditional optimization method has some difﬁculty in sup-
pressing the sonic boom. But on the other hand, inverse design
method such as SGD method has a signiﬁcant increase of drag.
So we combine the low boom inverse design method and tra-
ditional genetic algorithms for low boom and low drag super-
sonic aircraft conceptual design. And the approximate
response surface models of sonic boom and aerodynamics
are replaced by direct linearized analysis, which have more
ﬁdelity in multidiscipline optimization. A conceptual super-
sonic aircraft design environment (CSADE) will be con-
structed based on those methods.
2. Low boom and low drag supersonic aircraft design method
SGD method is developed by Seebass.13 SGD method is based
on linearized supersonic ﬂow theory, which provides sonic
boom minimizing equivalent area distributions under the
supersonic cruise condition described. The F function of
SGD method can be obtained by Eq. (1). And Fig. 1 is the
illustration of F function of SGD method.
FðxÞ ¼
2xH=yf ð0  x < yf=2Þ
Cð2x=yf  1Þ Hð2x=yf  2Þ ðyf=2  x < yfÞ
Slðx yfÞ þ C ðyf  x < kÞ
Slðx yfÞ D ðk  x < lÞ
8>><
>>:
ð1ÞFig. 1 F function based on SGD method.where yf is the nose bluntness; x the axis coordinate; Sl the F
function slope; Sb the slope of balance line in F function; yr
the position of rear area balancing; l the length of aircraft
and C, D, H are parameters of F function which are illustrated
in Fig. 1.
The F function after of the aircraft expressed in terms of the
F function over the aircraft’s length is given by Eq. (2).
FðxÞ ¼ 1
pðx lÞ1=2
Z l
0
ðl nÞ
x n FðnÞdn ðy > lÞ ð2Þ
The parameters of F function have signiﬁcant effect on
ground sonic boom and drag. Fig. 2 illustrates the relationship
between the F function slope and the shape of ground sonic
boomwave.Dp is sonic boom overpressure. It can be found that
if slope Sl > 0, the sonic boommaximum pressure is larger than
initial overpressure; on the other hand, if slope Sl 6 0, the sonic
boom maximum pressure is equal with initial overpressure.
Fig. 3 shows the relationship of F function slope, sonic boom
maximum pressure and wave drag coefﬁcient CDW. The left
ordinate is wave drag coefﬁcient and right ordinate is sonic
boommaximum pressure. It can be found that with the increase
of F function slope, wave drag coefﬁcient decreases. But sonic
boom maximum pressure decreases ﬁrst, then increases.
Fig. 4 shows the relationship between nose bluntness, sonic
boom maximum pressure and wave drag coefﬁcient. It can be
found that with the increase of yf, wave drag coefﬁcient
decreases and sonic boom maximum pressure increases.
Because wave drag is an important component of super-
sonic aircraft’s drag, wave drag coefﬁcient is an optimization
object. On the other hand, perceived loudness in decibels
(PLdB) is sensitive to sonic boom rise time, and the sonic
boom prediction method is based on waveform parameter
method which cannot predict rise time accurately, and sonic
boom maximum pressure is used in optimization.14 The opti-
mization of the sonic boom maximum pressure and wave
drag coefﬁcient has signiﬁcant value in supersonic aircraft
design.
3. Conceptual supersonic aircraft design environment
A conceptual supersonic aircraft design environment
(CSADE) is constructed, for the purpose of mitigating sonic
boom level and reducing wave drag coefﬁcient. TheFig. 2 Relationship between the F function slope and the shape
of ground sonic boom wave.
Fig. 4 Sonic boom maximum pressure and wave drag coefﬁcient
with different yf.
Fig. 3 Sonic boom maximum pressure and wave drag coefﬁcient
with different Sl.
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CSADE is composed by ﬁve components: FGEO (Function
of Geometry generate) is an aircraft geometry generation code;
FBOOM (Function of sonic Boom analysis) is a sonic boom
analysis code based on waveform parameter method15; FSGD
(Function of SGD analysis) is a low boom aircraft design code
based on SGD method16; FWD (Function of Wave Drag anal-
ysis) is a wave drag analysis code based on supersonic area
rule; FGA (Function of Genetic Algorithm) is a multi-objec-
tive optimization code based on NSGA-II multi-objective
genetic algorithms. The architecture of CSADE includes an
inner optimization level and outer optimization level. Firstly,
FSGD generates the target equivalent area distributions, and
then FGEO generates the initial layout. And low boom layout
is generated by matching the target equivalent area distribu-
tion and actual equivalent area distribution of conﬁguration.
Secondly, the low boom conﬁguration is analyzed by FBOOM
and FWD, and then the ground sonic boom and wave drag
coefﬁcient are calculated. Right now inner optimization is
over. Thirdly, FGA optimizes the low boom/ low drag conﬁg-
uration by using NASA-II algorithm. The sonic boommaximum pressure and wave drag coefﬁcient are the objectives
for the multi-objective optimization, and optimization vari-
ables include SGD parameters and aircraft parameters. Every
case analyzed by FGA is constrained by running the inner
optimization layer for the purpose of mitigating the sonic
boom. Finally, the Pareto optimal front of low boom and
low drag design is generated, and the Pareto optimal front
developed through the evolution of the FGA population
enables the designers to trade low boom for low drag. CSADE
is totally based on MATLAB environment.
3.1. Aircraft 3D geometry generation
FGEO uses a component-based approach to generate models.
A full aircraft conﬁguration is built from a series of simple
components. FGEO can generate aircraft conﬁguration
including fuselages, wings, canard /tail and nacelles.
Axisymmetric body is used to create components such as
fuselages and nacelles. Cross sections and fuselage mean cam-
ber line are deﬁned by control equations. FGEO code creates a
fuselage component by taking a series of cross sections. The
geometric centers of the cross sections are splined allowing
for fuselage camber in all directions normal to the axis.
Wings, tails, canards and other wing-like objects can be
generated almost all by the same method. Wing components
are similar to fuselages in how they are built; a lot of airfoil
sections are lofted span-wise to create the wing. Aspect ratio,
leading edge sweep angle, taper ratio, airfoil mean camber line,
and airfoil thicknesses distribution are parameters.
Fig. 6 shows a three-view drawing of aircraft conﬁguration
with fuselage, wing, vertical tail, canard, and nacelles, which
are generated by FGEO code.
FGEO can output geometric model formats for equivalent
area distribution analysis, wave rag analysis and sonic boom
analysis.
3.2. Sonic boom analysis
To obtain the information of ground sonic boom signature,
the waveform parameter method is used.17 The waveform
parameter method is equivalent to the F function method
and is based on the same fundamental concepts from geomet-
ric acoustics and isentropic wave theory. Given the initial near
ﬁeld pressure signature or F function, the altitude and the
Mach number at which the vehicle is ﬂying, as well as the alti-
tude dependent atmospheric properties, the algorithm deter-
mines the solution of the ﬂow at the ground. The problem
will be discredited and solved in a two-step method. Note that
this method requires the x-coordinates of the near ﬁeld signa-
ture to be transformed into time values using speed of sound.
The ﬁrst step is determining the path followed by the pressure
signature as it propagates to the ground. This process is called
ray tracing and is achieved using a ray path vector which
depends on time, azimuthal angle, atmospheric temperature,
and wind gradients. The ﬂow is governed by the following dif-
ferential equations:
dmi
dt
¼ C1m2i þ C2mi ð3Þ
dDpi
dt
¼ 1
2
C1Dpiðmi þmi1Þ þ C2Dpi ð4Þ
Fig. 5 Architecture of CSADE.
Fig. 6 Aircraft geometry generation based on FGEO.
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dt
¼  1
2
C1ðDpi þ Dpiþ1Þ  C1miki ð5Þ
With notation :C1 ¼ cþ 1
2c
 c
pan
and
C2 ¼ 1
2
3
c
 dc
dt
þ 1
q
 dq
dt
 2
an
 dan
dt
 1
AR
 dAR
dt
 
where mi is the slope of waveform segment i; pi is the static
pressure of waveform segment i; ki is the duration time of
waveform segment i; c is the ratio of speciﬁc heats; q is the den-
sity of air; c is local speed of sound; an is acoustic propagation
speed normal to wave front; AR is ray tube area, and t is time
along ray.
A sonic boom prediction code based on waveform param-
eter method has been developed, which can analyze the ground
sonic boom signature. At the same time, FBOOM integrates
the MARK-VII method to analyze the PLdB of sonic boom.18
And PLdB is sensitive to sonic boom rise time, but waveform
parameter method cannot predict sonic boom rise timeaccurately, FBOOM uses a simpliﬁed method, based on ﬂight
test data, a Taylor shock structure is assumed, with a rise time
of 0.063 ms/Pa. The results are shown in Fig. 7, where Fig. 7(a)
shows the ground sonic boom signature in time domain, and
FBOOM can capture the detail of the shock wave; Fig. 7(b)
is the sound pressure level of sonic boom; Fig. 7(c) shows
the sonic boom ray paths propagation in standard atmosphere;
Fig. 7(d) shows the isobar of ground sonic boom, and it can be
found that sonic boom footprint is a pie slice.
In Fig. 8, we compare the ﬂight test data and the FBOOM
calculation results.19 Calculation conditions are ﬂight height of
8534 m and Mach number of 1.5. The results indicate that
FBOOM has enough ﬁdelity in sonic boom prediction.
3.3. Low boom aircraft design
Ideal equivalent area distribution can be obtained by SGD
method. And the constraint equations of SGD method are pre-
sented in Eqs. (6)–(11).10
Fig. 7 Sonic boom analysis based on FBOOM.
Fig. 8 Comparisons of ground sonic boom between FBOOM and ﬂight test.
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shock in the front and one shock in the rear. The area balanc-
ing principle states that shocks will form in the ground signal
at points in the F function where areas cut by the balancing
line are equal. Referring to Fig. 1, this implies that Area
A1 = Area A2 and Area A3 = Area A4. In terms of the F
function, these relationships may be expressed as follows:Z yf
0
FðyÞdy ¼ ayf
2
C ð6Þ
Z yr
l
FðyÞdy ¼ 2
p
Z l
0
FðxÞ arctan
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
yr  l
l x
r
dx
¼ 1
2
½Slðl yfÞ Dþ FðyrÞðyr  lÞ ð7Þ
Fig. 9 Low boom aircraft design based on FSGD.
Fig. 10 Comparison between initial low boom layout and reshaped low boom layout.
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Fig. 11 Area distributions at different roll angles.
Fig. 12 Wave drag coefﬁcient based on FWD.
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Eq. (7) is valid if yr is an intersection of the balancing line
and F function and Eq. (8) ensures that this happens.
FðyrÞ ¼
C
ayf
ðyr  lÞ þ Sbðl yfÞ D ð8Þ
The ratio of front shock to rear shock strength is speciﬁed
and is given by Eq. (9).
pf
pr
¼ C
D Slðl yfÞ þ FðyrÞ
ð9Þ
Finally Eq. (10) requires that lift equals weight, where the
lift in terms of the F function is given by the integral on
the right hand side of the Eq. (10), and it also assumes that
base area of the aircraft is zero.
bW
qU2
¼ 4
Z l
0
FðxÞ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðl xÞ
p
dx ð10Þ
where b ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Ma2  1
p
, Ma is Mach number; W is aircraft and
U is aircraft velocity.
Once the F function is known, the equivalent area distribu-
tion can be computed from Eq. (11).
AeðxÞ ¼ 4
Z x
0
FðnÞ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
l n
p
dn ð11Þ
where
pf
pr
is ratio of front to rear shocks in boom signature, Ae
equivalent area distribution.
By solving these equations, low boom equivalent area dis-
tribution is governed by Eq. (12).AeðxÞ¼32
15
H
yf
x5=2þ1ðxyf=2Þ
8
15
ðxyf=2Þ3=2
 ð3yf=2þ2xÞð1=yfÞð2C4HÞþ5ð2HCÞ½ 
þ1ðxyfÞ4ðxyfÞ3=2  ð2C=yfÞ 
2
15
 
ð3yfþ2xÞ

þ2
3
Cþ 4
15
ðH=yfÞð3yfþ2xÞ
4
3
H
þ 2
15
Bð3yfþ2xÞ
2
3
Byfþ
2
3
C

1ðxkÞ
8
3
ðxkÞ3=2ðCþDÞ ð12Þ
Fig. 13 Optimization results of low boom and low drag.
Fig. 14 Comparison between initial conﬁguration and optimized
conﬁguration.
Table 3 Variation of performance between initial conﬁgura-
tion and optimized conﬁguration.
Conﬁguration Dp (Pa) CDW
Initial 32.68 0.00254
Optimized 27.08 0.00238
Variation of performance ﬂ17.13% ﬂ6.29%
Table 1 Objectives, variables and constraints of the MOD in
conceptual supersonic aircraft design.
Objective Value
1 Sonic boom maximum pressure FBOOM
2 Wave drag coeﬃcient FWD
Variables
1 F function slope Sl 0.0003–0.0003
2 Nose bluntness yf 0.01–0.05
3 Wing sweep angle () 30–60
4 Aspect ratio 0.6–2.5
5 Taper ratio 0.05–0.25
Constraints Value
1 Area distribution Eq. (11)
2 Aircraft length l (m) 55
3 Fuselage cross area >0
4 Wing area (m2) 139
5 Mach number 2.0
6 Cruse altitude (km) 14
7 Weight (t) 68
Optimization Value
1 Initial pop 50
2 Generation 10
3 Time cost (h) 41.2
Table 2 Parameters of optimized conﬁguration.
Parameter Value
Sonic boom maximum pressure (Pa) 27.08
Sonic boom duration time (ms) 122
CDW 0.00238
Available volume (m3) 126.08
Maximum fuselage diameter (m) 2.78
Location of maximum diameter (m) 25.08
Wing sweep angle () 30
Aspect ratio 0.8
Taper ratio 0.1
538 X. Feng et al.where 1(x) is Heaviside unit function.
Equivalent area distribution Ae is composed by two compo-
nents, area distribution due to volume (A(x)) and area distri-
bution due to lift (B(x)).20
AeðxÞ ¼ AðxÞ þ BðxÞ ð13Þ
where A(x) is cross section area, and B(x) is equivalent cross
section area due to lift.
Area distribution is computed from Eq. (14).
BðxÞ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Ma2  1
p
W cosu cos g
1:4pvMa
2Sref
Z x
0
bðxÞdx ð14Þ
where b(x) is local span of aircraft planform, u ﬂight path
angle, g ray path azimuth angle, Sref reference area, pv the pres-
sure of ﬂight altitude.
Fig. 9 shows the calculation results of FSGD. Fig. 9(a) is
the F function, and low boom F function has a sharp nose
and a serious decrease at the rear position; equivalent area dis-
tribution is shown in Fig. 9(b), and area due to lift increases
with the increase of x, but area due to volume ﬁrst increases
and then decreases; Fig. 9(c) shows the ground sonic boom sig-
nature, and the ground sonic boom signature has a ramp or
ﬂat top; low boom conﬁguration is shown in Fig. 9(d), swept
forward wing and canard conﬁguration can satisfy the low
boom equivalent area distribution.
An automatic reshape program is integrated into FSGD.
Fig. 10 shows the result of initial low boom layout and
reshaped low boom layout. Fig. 10(a) is the area distribution
comparison between target and initial layout, and Fig. 10(c)
shows the shape of initial layout; Fig. 10(b) shows the area
comparison between target and reshaped layout, and
Fig. 10(d) shows the shape of reshaped low boom layout.
The results indicate that equivalent area distribution of
reshape layout matches well with the target equivalent area
distribution, and automatic reshape program is effective in
low boom supersonic aircraft design.3.4. Wave drag analysis
Wave drag is analyzed by using supersonic area rule. Wave
drag coefﬁcient is governed by Eqs. (15) and (16),21 and the
Fig. 15 Wave drag results between CFD and FWD.
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and CFD is less than 5%, so supersonic area rule has sufﬁcient
accuracy in supersonic aircraft conceptual design.
CDW ¼ 1
2p
Z 2p
0
CDWðhÞdh ð15ÞCDWðhÞ ¼ 1
2p
Z l
0
Z l
0
A00ðx1; hÞA00ðx2; hÞ ln jx1
 x2jdx1dx2 ð16Þ
where A is the normal projection of the areas obtained by
cutting the aircraft by Mach plane at the roll angle h; h is
the rotation angle of aircraft about its axis, the roll angle.Fig. 16 Sonic boom predFig. 11 shows the area distributions at different roll angles.
It can be found that the area distributions between 45 and
135 are equal for the reason that aircraft is symmetrical about
xoz plane. Fig. 12 shows the wave drag coefﬁcient component
at different roll angles.
3.5. Multidisciplinary optimization
Many real world optimization problems, especially in multidis-
ciplinary design optimization (MDO) situations, require the
process of simultaneous optimization of possibly conﬂicting
multiple objectives, and this is termed multi-objective optimi-
zation. A typical multi-objective optimization problem pro-
duces a set of solutions which are superior to the rest of the
solutions with respect to all objective criteria but are inferior
to other solutions in one or more objectives. These solutions
are known as Pareto optimal solutions. None of the solutions
in the Pareto optimal set is absolutely better than any others
with respect to all the objectives concerned. FGA is based on
NSGA-II,22 which is a fast elitist multi-objective genetic
algorithm.
Table 1 shows the objectives, variables and constraints of
the MDO in conceptual supersonic aircraft design. The wing
body conﬁgurations are researched. The sonic maximum pres-
sure and the zero lift wave drag coefﬁcient compose the criteria
of the optimization of supersonic aircraft conceptual design.
Variables include F function slope, nose bluntness, wing sweep
angle, aspect ratio and taper ratio, etc. There are several con-
straints in Table 1. The initial population of genetic algorithm
is 40, and the number of generation is 10. Time cost is 41.2 h at
computation platform with CPU Intel Core 2 quad.iction based on CFD.
540 X. Feng et al.4. Results analysis
Low boom and low drag optimization results are shown in
Fig. 13. The optimized conﬁguration is selected in the Pareto
front. Fig. 14 shows the comparison between initial conﬁgura-
tion and optimized conﬁguration. It can be found that the
wing shape and the fuselage cross sections have signiﬁcant
change between initial conﬁguration and optimized conﬁgura-
tion. Parameters of optimized conﬁguration are shown in
Table 2. And variations of performance between initial conﬁg-
uration and optimized conﬁguration are presented in Table 3.
It can be found that optimized conﬁguration has a sonic boom
maximum pressure decrease nearly about 17.13%; the
maximum pressure is 27.08 Pa; the wave drag coefﬁcient
decrease 6.29%. The results indicate that the swept forward
wing conﬁguration has beneﬁt in both sonic boom reduction
and wave drag reduction, because the lift distributions of
swept forward wing conﬁguration are well distributed along
the fuselage axes, and the cross area distributions of swept
forward wing are smoother than sweptback wing.
Fig. 15 shows the wave drag results between CFD and
FWD; CFD is simulated by resolving Euler equations, and
when lift is zero, the drag is equal to the zero lift wave drag.
It can be found that the error between CFD and FWD is less
than 3%.
Fig. 16 shows the sonic boom prediction based on CFD.
Fig. 16(a) shows the topology of near ﬁeld sonic boom predic-
tion based onCFD; the structured and unstructured hybrid grid
are taken advantage of for more accurate and efﬁcient sonic
boom prediction23,24; cuniform topology is used for it can cap-
ture the shock waves more efﬁciently, and the cuniform angle
is equal to Mach angle. The Euler equation is sufﬁcient in sonic
boom near ﬁeld prediction; Fig. 16(b) shows the structured/
unstructured hybrid gird of sonic boom near ﬁeld prediction;
Fig. 16(c) shows the near ﬁeld pressure distribution, fromwhich
it can be found that the shock wave are captured clearly; the
ground sonic booms based on CFD and linearized method are
shown in Fig. 16(d), where the result indicates that the sonic
boom of optimized conﬁguration is lower enough.
5. Conclusions
(1) A supersonic aircraft optimization method is developed
by combining the low boom SGD inverse design method
and traditional genetic algorithm.
(2) A CSADE is constructed based on the method.
(3) Some supersonic aircraft conﬁgurations are designed by
using the CSADE in which two objective functions, low
sonic boom and low wave drag, are considered.
(4) The results indicate that the forward sweep wing conﬁg-
uration has beneﬁt in both sonic boom reduction and
wave drag reduction.
(5) Optimized layout has a sonic boom maximum pressure
decrease nearly about 17.13%; the maximum pressure is
27.08 Pa and the wave drag coefﬁcient decrease 6.29%.Acknowledgement
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